Porous ZnO nanocrystalline films have drawn research attention due to improvement in gas sensing, adsorption, photocatalytic, and photovoltaic applications. However, scalable synthesis of porous nanostructures has been a challenge. Here, This paper reports a very easy, fast, and scalable one-step process for synthesis and deposition of porous ZnO nanocrystalline film by low-temperature atmospheric pressure plasma. The plasma is generated with radio frequency power using a metallic zinc wire as a precursor. Nanostructures have been synthesized and agglomerate to form a porous film at the substrate. Energy band structure of the deposited film has been investigated to understand the corresponding band alignment, which is relevant to many applications. An indepth study of the grown nanostructured ZnO film has been included and characterized by X-ray diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy, kelvin probe measurement, ultra-violet/ visible absorption, and photoluminescence.
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| INTRODUCTION
Zinc oxide (ZnO) is a material of great interest that is widely used in a large variety of applications such as ultra-violet exciton binding energy (∼60 meV) and high electron mobility. [11] The n-type conducting nature with the wide bandgap, non-toxicity, and good optical transmittance makes it highly suitable for instance as an electron acceptor or transparent electrode in solar cells. Interest in developing porous ZnO nanocrystalline film has increased because of its high surface area, [12] increased photocatalytic activity, [13] and long-range charge transport. [14] Here we will show porous ZnO nanocrystalline film synthesis by radio-frequency (RF) atmospheric pressure plasma (APP) using environmental oxygen. Previously studied methods for compact ZnO film synthesis includes molecular beam epitaxy, [15, 16] MOCVD, [17] [18] [19] [20] sol-gel process, [21] [22] [23] [24] and spray pyrolysis. [25] [26] [27] [28] [29] [30] Most of these techniques require complex vacuum-based systems or operate with a low yield. Other processes that use wet chemistry are also generally slow and produce undesirable reaction by-products, which can affect the film purity and lengthen the synthesis with required purification steps. However, very few techniques have been demonstrated for porous ZnO film deposition which mainly includes chemical synthesis. [31] [32] [33] [34] APPs have gained attention due to low-cost, process flexibility and the potential of scale-up. Only a few reports have demonstrated ZnO film deposition by APP. Chang et al. reported the deposition of In-doped ZnO films by an APP jet. [35] Recently Hsu et al. have deposited ZnO film with different salt precursors and studied the resulting film quality, which indicated zinc chloride to be the best-suited precursor for their process. [36] However, the use of salts as precursors may affect the purity of the film [37] and therefore the use of pure solid precursors can be highly advantageous both for improving the purity and reducing associated costs. Stauss et al. have used metallic zinc wire as a precursor with ultra-high frequency (UHF, 450 MHz) source to produce an inductively coupled plasma. [38] However, there is no report on porous ZnO nanocrystalline film deposition by APP.
Here, we will demonstrate direct deposition of porous ZnO nanocrystalline film directly consuming a metallic zinc wire as a precursor, oxidized by environmental oxygen. We further demonstrate that, at these conditions, the plasma produces nanocrystallites which are then assembled on the substrate to form a porous film.
| EXPERIMENTAL SECTION
The plasma system consisted of a stainless steel tube with quartz capillary (1 mm outer diameter and 0.7 mm internal diameter) containing a 99.99% pure zinc wire (Purchased from Alfa Aesar, Heysham, UK) of 0.25 mm diameter and a copper power electrode as shown in Figure 1a . The zinc wire acted as a ground electrode and radio frequency (RF) power (MKS Elite 300, 13.56 MHz) at 40 W is applied to the copper electrode via a matching unit; 150 standard cubic centimetre per minute (sccm) helium gas flow rate was used. We have investigated different processing parameters to identify these optimum conditions, at which highly uniform and reproducible film can be synthesized. The matching unit was between the electrode and the power supply, to reduce reflected power loss and to ensure plasma stability. The plasma was generated between the powered electrode and the zinc wire as shown in Figure 1a and b. The distance between the capillary and the substrate was 1.5 cm. The wire was consumed fairly quickly, about 1 cm in 10-20 s. It allows the deposition of the corresponding films on various substrates, including temperature-sensitive ones. This process is highly repeatable and capable of depositing uniform films reproducibly. However, a potential commercial deployment of this set-up will require engineering the precursor supply for prolonged deposition periods so to continuously feed the metal wire.
Furthermore, because the system was operating at atmospheric pressure, we were able to collect nanocrystallites in colloids by replacing the substrate with a vial containing ethanol.
This, in particular, confirmed that nanocrystallites were produced prior to deposition and that film formation was not due to radicals or ions but rather due to the agglomeration of The film was deposited on a glass substrate to identify the crystalline structure by X-ray diffraction (XRD; Bruker X8, Billerica, MA, USA). High-resolution transmission electron microscopy (HRTEM; Jeol JEM02100 F) was performed by collecting the sample in ethanol and drop-casting on carbon coated gold grids. Elemental analysis was carried out by energy-dispersive x-ray spectroscopy (EDX) attached to the TEM. The ZnO film was deposited on a silicon substrate to identify the nature of the chemical bonds by Fourier transform infrared spectroscopy (FTIR, Thermoscientific iS5, USA).
The surface morphology was characterized in plain view and cross section using scanning electron microscopy (SEM; FEI Quanta 200 3D, Hillsboro, OR, USA). The X-ray photoelectron spectrum (XPS) was recorded to identify the chemical composition on X-ray spectrometer using Al K α radiation. XPS measurements were also used to determine the valence band edge. Raman spectroscopy was performed by depositing the film on a molybdenum foil to exclude any interference from the background. He-Ne laser (632.8 nm) had been used for Raman analysis. The sample was deposited on ITO-conducting surface to carry out Kelvin probe (SKP 4.5, KP Technology Ltd., Wick, Caithness, Scotland) measurements, to find out Fermi level of the film. Finally, we measured optical characteristics using ultra-violet/visible (UV-Vis PerkinElmer LAMDA 365, Waltham, MA, USA) spectroscopy by collecting ZnO directly in ethanol and calculated the corresponding bandgap by Tauc plot. ZnO colloidal solution in ethanol was used to measure the photoluminescence (Cary eclipse fluorescence spectrophotometer, Agilent Tech., Santa Clara, CA, USA).
| RESULTS AND DISCUSSION
HRTEM micrograph and selective area electron diffraction (SAED) pattern of the colloidal sample are shown in Figure 2a -c. Figure 2a shows larger particles as well as small crystallites. The lattice images of particles were clearly observed in HRTEM as shown in Figure 2b . The interplanar spacing was calculated and found to be 0.24 nm and 0.26 nm which correspond to (101) and (002) planes of wurtzite ZnO, respectively. ZnO planes can be also observed in the SAED pattern in Figure 2c .
The SAED pattern consists of series of dotted rings which confirmed the polycrystalline nature and wurtzite structure of synthesised ZnO nanoparticles. The nature of material and purity was further verified by XRD analysis of the ZnO film on a glass substrate, as shown in Figure 2d .
As shown in Figure 2d , the film shows a crystalline nature. 
where D is the grain size, λ is the X-ray wavelength (0.154 nm for Cu K α ), β is full-width at half maximum in radian for the diffraction peak (101) (inset Figure 2d) and θ is the Bragg angle. The average crystallite size (D) of ZnO was found to be 20.58 nm. Both TEM and XRD confirm the nanocrystalline nature of the film. The surface morphology of the film deposited on a substrate was then analyzed by SEM as shown in Figure 3a . The porous nature of the film can be seen in the SEM image, which shows a high degree of uniformity. High porosity can be also observed in the cross section SEM image, shown in Figure 3b . This can be very useful in dye sensitized solar cell, in gas sensing application and in many other applications also. [40] [41] [42] The measured thickness of the film is 43 . [43] [44] [45] [46] In particular, a peak at 526 cm −1 can be observed in Figure 4a , which correspond to ZnO. No other peak could be observed in the FTIR spectrum. EDX performed on the colloidal sample also confirms ZnO composition. The presence of Zn and O and the atomic percentage of the individual element can be seen in Figure 4b . The peaks of gold and carbon are originating from the TEM grid. Raman scattering spectroscopy was carried out to study the vibrational properties of porous ZnO. Raman spectrum was recorded at room temperature in the range of 250-650 cm −1 as shown in Figure 5 . Only one vibrational peak was observed at 432 cm −1 which can be assigned to a fundamental optical E2 (high) mode. [47, 48] This Raman peak of a ZnO crystal is the band characteristics of hexagonal wurtzite phase. Other phonon or multiple scattering peaks were absent in our measurement. A usually reported peak at 580 cm −1 related to intrinsic defects, such as an oxygen vacancy and interstitial zinc also did not appear suggesting good quality and stoichiometric ZnO as confirmed by EDX (see% composition in Figure 4b ). [47] XPS was performed to analyse further the chemical composition and oxidation states. The binding energy (BE) was calibrated against the C 1s (284.6 eV) as a reference. XPS survey shows Zn and O peaks as shown in Figure 6a and confirms ZnO formation. Binding energy at 1021.5 and 1044.6 eV are attributed to the binding energy of Zn 2p3/2 and Zn 2p1/2 electrons as shown in Figure 6b . The BE difference between these two peaks is 23.1 eV which suggest that Zn is in Zn +2 state, confirming ZnO formation. [49] [50] [51] In the XPS spectra, the asymmetric O 1s peak was observed with a shoulder at higher binding energy. O 1s spectrum was fitted into three peaks centred at 530.12, 531.49, and 532.37 eV, Figure 6c O-H group absorbed on ZnO surface. Higher energy peak at 532.37 eV can be attributed to chemisorbed oxygen such as H 2 O or −CO 3 species. [52, 53] The difference between Fermi level energy (E f ) and valence band maximum (E VBM ) was evaluated from the XPS spectra shown in Figure 6d . This was done by extrapolating the leading edge of the XPS spectra to the baseline as shown in the inset of Figure 6d . This produced a value of (E f -E VBM ) = 2.16 eV.
In order to characterize the bandgap of the ZnO, we have carried out UV-Vis absorption spectroscopy. The result of this technique shows a strong excitonic absorption peak at 362 nm (Figure 7) , which is close to the excitonic peak observed for bulk ZnO. [39, 54] ZnO is expected to have a direct bandgap and assuming scattering to be negligible in our measurements, we can use absorbance to determine the bandgap value through a Tauc plot (inset of Figure 7 ). This is done by plotting (Ahν) 2 versus hν where A is the absorbance and hν is the photon energy. The Tauc plot is shown in the inset of Figure 7 . The direct bandgap is confirmed by the linear region of the plot and the intercept produces a bandgap of 3.26 eV. ZnO generally shows photoluminescence in the UV and visible region. Ultra-violet emission corresponds to the bandgap excitonic emission and the visible emission is due to defects. In particular, visible emission could be due to recombination of the conduction band electron with deep-trap holes or recombination of electron present in near conduction band traps with holes in the valence band. [55] We have recorded excitation and emission spectra of ZnO. Excitation spectra at emission wavelength 378 nm is measured which shows peaks at two excitation wavelengths, 275 nm and 338 nm ( Figure 8 spectra (a) ). We have observed ) and (c) which shows emission in UV as well as in the visible region. At λex 338 only excitonic emission is observed at 380 nm. At λex 275, there are four peaks in emission spectrum at 304, 380, 423, and 488 nm. In both cases, peak at 380 nm is originated from excitonic recombination and consistent with the bandgap measurement of ZnO as shown in Figure 7 . Other than excitonic peak, all other peaks in the visible region are considered to be from defects in literature. [55, 56] In our measurement, we do not expect emission to originate from interstitial vacancies or deep traps in the material, because the material characterization has shown very limited defects being present (e.g., see Raman spectrum in Figure 5 , XPS analysis in Figure 6b and EDX in Figure 4b ). However, there is visible emission at 423 nm and 488 nm at λex 275 which shows little defects in the material. These emissions in the violet, blue region are considered to be because of structural defects, for example, oxygen vacancies, Zn interstitials, Zn vacancies, ionized charge states of intrinsic defects etc. [56] Another peak at 304 nm in UV region is also related to emission from zinc interstitials (Zn i ) to valence band transition as the position of Zn i level is 0.22 eV below conduction band. [57] There is no emission related to defect states at near the band gap excitation wavelength. Fermi level measurements were carried out using a scanning Kelvin probe (SKP 4.5, KP Technology Ltd. UK). The Fermi level was obtained by measuring the contact potential difference (CPD) between the ZnO sample and a reference electrode.
The calibration of the system was done by measuring the work function (ϕ) of a known gold reference. The Fermi level of the sample can then be calculated with
where CPD Au is the contact potential difference between the Au reference and Au tip, CPD Sample is the contact potential difference between sample and Au tip. This gives the Fermi level of the measured sample. In our case, the Fermi level of ZnO is −5.27 eV as can be seen in Figure 9 . This value matches well with reported value of ZnO Fermi level (−5.2 eV). [58, 59] The complete band structure of ZnO has been drawn as shown in Figure 10 . The position of the valence band edge FIGURE 8 Photoluminescence spectra of ZnO shows a) Excitation spectra at λem 378 b) high-intensity excitonic peak at λex 338 and c) violetblue emission as well with the excitonic peak at lower wavelength (λex 275 ) FIGURE 9 Fermi level measurement of ZnO film by scanning Kelvin probe on ITO substrate FIGURE 10 Estimated band diagram of ZnO was calculated from the XPS results (E f -E VBM = 2.16 eV) and using the Fermi level value from Kelvin probe measurements, that is, E VBM = E f -2.16 eV = −5.27 −2.16 eV = −7.43 eV. The corresponding conduction band edge was also found adding the value of the measured bandgap energy to the valence band edge, yielding a value of −4.17 eV. The overall band structure is in good agreement with reported literature values. [59] [60] [61] 4 | CONCLUSION Porous nanocrystalline ZnO films were synthesized and deposited by RF atmospheric pressure plasma in ambient conditions. Structural, chemical, and optical properties confirm the ZnO films to be stoichiometric with very low defect density. We have also carried out a complete experimental determination of the band energy diagram which confirms the film to preserve the required and desired energetics expected from ZnO films. This simple, low-cost and versatile synthesis method therefore shows the potential for direct deposition of porous ZnO films that can be implemented for a wide range of application where ZnO has been employed successfully.
